The absence of pigment epithelium-derived factor (PEDF) in hepatocellular carcinoma (HCC) enhances Wnt/b-catenin signaling. Genomic profiling of PEDF knockout livers correlates with gene expression signatures of human HCC associated with aberrant Wnt/b-catenin signaling. PEDF is an endogenous inhibitor of Wnt/b-catenin signaling.
H epatocellular carcinoma (HCC) is a major cause of cancer-related deaths worldwide. 1 Genomic profiling has classified HCC based on molecular "signatures" that correlate with biological characteristics and clinical outcomes. 2, 3 One finding from these studies is the role of the extracellular matrix (ECM) in determining tumor behavior. [4] [5] [6] For instance, modulators of the ECM can activate developmental pathways such as Wnt/b-catenin signaling, thereby connecting liver fibrosis to a signaling pathway that drives hepatocarcinogenesis. 3 Pigment epithelium-derived factor (PEDF) is a circulating 50-kDa protein with ECM binding domains and broad tumor suppressive properties. [7] [8] [9] [10] In PEDF knockout (KO) mice, stromal abnormalities occur in multiple organs including the prostate, pancreas, and liver. [11] [12] [13] [14] [15] Endogenous liver levels of PEDF decline in experimental and human cirrhosis, and PEDF delivery ameliorates experimental liver fibrosis.
14,16 PEDF null mice crossed with the Kras G12D mice resulted in marked stromal changes in the pancreas and an invasive malignant phenotype not seen in the Kras Wnt/b-catenin signaling in the eye with avid binding to the Wnt coreceptor, low-density lipoprotein receptor-related protein 6 (LRP6). Whether PEDF has systemic effects beyond the eye and inhibits tumor development through an inhibitory effect on Wnt/b-catenin signaling is unclear. Because PEDF is most highly expressed by the liver, a finding recently confirmed in the Human Protein Atlas, 20, 21 and modulates Wnt/b-catenin signaling, 19, 22 we asked whether PEDF functions as an LRP6 antagonist in the liver.
We establish that canonical Wnt3a ligand directly regulates PEDF levels. PEDF, in turn, inhibits Wnt/b-catenin signaling. Consistent with this, livers from PEDF KO mice have a transcriptional profile closely aligned with murine models of hepatocarcinogenesis and human HCC characterized by aberrant Wnt/b-catenin signaling. Knockout and knock-in experiments demonstrate that PEDF inhibits Wnt/ b-catenin signaling in murine livers and human HCC cells through its ability to inhibit LRP6 and b-catenin activity. Finally, a chronic Western diet elicited sporadic HCC formation in PEDF KO mice, while the human HCC specimens demonstrated diminished PEDF staining.
Materials and Methods

Human Hepatocellular Carcinoma, Animals, and Liver Tumor Induction
Archival human HCC tissues and their corresponding adjacent livers from 14 patients were obtained from the VA Connecticut Healthcare System according to an approved institutional review board protocol. The PEDF KO mice were bred with age-matched wild-type (WT) littermates on the C57BL/6J background to generate heterozygous breeding pairs, and then PEDF KO and WT offspring were backcrossed for more than 10 generations. 11 The mice were genotyped using a commercially available polymerase chain reaction (PCR) kit (Sigma-Aldrich, St. Louis, MO). All procedures were approved by the Institutional Animal Care and Use Committee of VA CT Healthcare System. A commercial Western diet-TestDiet 4342 (TestDiet, St. Louis, MO): energy (% kcal) from fat (40%), carbohydrate (44%), protein (16%)-or standard chow was given for 26 to 32 weeks to PEDF KO and age-matched controls (n ¼ 12/group) starting at 8 to 12 weeks of age.
RNA Extraction and Gene Arrays
Frozen whole liver tissue from five PEDF KO animals and WT controls were maintained in liquid nitrogen until total RNA extraction using the TRIzol method (Invitrogen, Carlsbad, CA). TRIzol-extracted RNA was further purified using the Qiagen RNeasy kit (Qiagen, Valencia, CA), yielding high-quality RNA suitable for microarray analyses (RNA integrity number >9). The RNA quality was verified using Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), and the RNA was quantified by NanoDrop (NanoDrop Technologies, Wilmington, DE). For gene expression analysis, 500 ng of total RNA was used to generate biotinlabeled cRNA using the Illumina Total RNA amplification and labeling kit (Ambion, Austin, TX) according to the manufacturer's instructions. The biotinylated cRNA was labeled with fluorescent dye at the Yale Keck Genomic Core Facility (West Haven, CT), hybridized onto a MouseRef-8 v2.0 Expression BeadChip expression array bead chip (Illumina, San Diego, CA) and scanned.
Expression data were analyzed by Genespring GX12 software (Agilent Technologies) after normalization by 75th percentile shift. Only genes with a present signal (signal above background noise) in more than 50% of samples were included in the analysis. Group samples with gene expression correlation coefficients 0.95 were excluded (one KO sample). For the statistical analysis, replicate samples were averaged. Differences in gene expression were determined using a moderated t test, and multiple hypothesis testing adjustment was made using Benjamini-Hochberg method at a false-discovery rate (FDR) .05 and by adding a fold expression cutoff of 1.3. Genes differentially expressed in KO mice versus WT were subjected to Gene Ontology (GO) (http://www.geneontology.org) and WikiPathways (http://www.wikipathways.org) enrichment analysis using the hypergeometric test corrected by Benjamini-Yekutieli method at FDR q 0.05.
To further extend the analysis, gene set enrichment analysis (GSEA) was used (http://www.broadinstitute.org/ gsea). GSEA is a computational method that determines whether an a priori defined set of genes shows statistically significant differences between two phenotypes. 23 To identify the gene sets that were statistically significantly enriched, we created a rank-order list by gene expression differences between KO and WT sets. Gene Ontology, KEGG pathways (http://www.genome.jp), Reactome (http:// www.reactome.org), Biocarta (http://www.biocarta.org), Pathway interaction database (http://pid.nci.nih.gov), and curated gene sets reflecting changes induced by various chemical and genetic perturbances were used to interpret results. FDR q value was used to rank the results. Gene sets enriched at FDR q value .05 and nominal P < .05 were considered statistically significant. Gene array data were deposited at http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc¼GSE63643.
PEDF and PEDF Peptide Restoration
Human full-length PEDF was generated in human embryonic kidney cells as described elsewhere, and its purity confirmed using Coomassie and silver staining (Invitrogen).
12 PEDF was administered (25 mg/kg bwt) by intraperitoneal injection on alternate days for a period of 4 weeks. 24 A 34-mer of human PEDF corresponding to amino acids 44-77 has been previously shown to inhibit neovascularization and inhibit tumor growth, but its role in Wnt signaling is unclear. 17, 25 We interrogated Wnt signaling with a 34-mer that was commercially obtained (NeoBiolab, Cambridge, MA) and used at a concentration of 100mM to evaluate Wnt/b-catenin signaling in vitro.
Cell Culture
The human HCC cell lines HepG2 and Huh7 were obtained from the American Type Culture Collection (Manassas, VA), propagated, and kept at the Yale Liver Center (P30DK034989). To obtain conditioned medium (CM), the cells were grown to 80% confluence, washed twice with serum-free media, and then incubated with serum-free media overnight. The CM was obtained after 18-20 hours and was concentrated approximately 40-fold using Amicon Ultra centrifugal filters (Millipore, Billerica, MA) with a 10-kDa cutoff. For PEDF peptide experiments, the medium was removed, washed three times with serum medium, and PEDF 34-mer was added for 2 hours before the lysates were obtained. For the lysates, the cells were scraped in radioimmunoprecipitation assay buffer containing protease and phosphatase inhibitors, incubated on ice, and centrifuged at 10,000g for 10 minutes.
Silencing of PEDF and LRP6 With RNAi in Hepatocellular Carcinoma Cells
To reduce PEDF levels in human HCC cells, commercial small interfering RNA (siRNA) constructs targeting PEDF (cat. no. 4392420, 4390771) or scrambled (cat. no. 4390843) sequences (Ambion) were transfected according to the manufacturer's instructions. After 6 hours, the transfection medium was replaced with fresh medium lacking siRNA. After an additional 48 hours, the medium was changed to serum-free medium for 24 hours. CM and cell lysates were obtained as described earlier. The HepG2 cells stably transfected with small-hairpin RNA constructs targeting LRP6 were a gift of Dr. Arya Mani (Yale University School of Medicine). The integrity of PEDF and LRP6 KO was assessed in conditioned medium and in lysates. Measurement of PEDF levels in culture was performed with by a commercial enzyme-linked immunosorbent assay kit (BioProducts, Frederick, MD).
RNA Analysis and Quantitative Polymerase Chain Reaction
The RNA was isolated using the RNAEasy mini kit (Qiagen). The primer probe sets were obtained from a commercial source (Applied Biosystems, Foster City, CA), and quantitative reverse-transcription PCR was performed on a TaqMan ABI 7500 system (Applied Biosystems) as described elsewhere. 13 Target gene expression was normalized against b-actin.
Immunoblotting
Immunoblotting was performed as described elsewhere. 12 Protein content was determined by Bradford assay. Lysates (20-30 mg total protein) were separated under denaturing conditions on a gradient gel (Bio-Rad Laboratories, Hercules, CA), and transferred to polyvinylidene fluoride membranes. After they were blocked in a 5% milk solution, the membranes were incubated overnight with antibodies. Primary antibodies used were PEDF from Chemicon (Temecula, CA); transforming growth factorb1 (TGF-b1; 3711S), phospho-LRP6 (2568), total LRP6 (2560), nonphosphorylated (active) b-catenin and total bcatenin, phospho-glycogen synthase kinase-3b (p-GSK3b), total GSK3b, phospho-extracellular-signal-regulated kinase (p-ERK), total ERK (4370), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5174S) from Cell Signaling Technology (Beverly, MA); collagen I (ab6308) from Abcam (Cambridge, MA); collagen III (15946) from Novus (25 mM) and low (1 mM) glucose conditions. (B) Canonical Wnt3a ligand significantly induces PEDF levels in the presence of the Wnt coreceptor LRP6 (P < .01). Genetic knockdown of LRP6 or its functional depletion with 1 mM glucose abrogates this effect (not statistically significant). (C) The noncanonical Wnt5a suppresses PEDF levels when LRP6 is genetically deleted under 25 mM glucose or reduced by low glucose (P < .01). Experiments were conducted in duplicate with n ¼ 3-4/group. Data are presented as mean ± SD. Biologicals (Oakville, ON, Canada); and b-actin from SigmaAldrich.
Collagen I blots were run under reducing and nonreducing conditions. After washing in Tris-buffered saline and 0.05% Tween, the primary antibody was labeled using a peroxidase-conjugated secondary antibody specific for the primary antibody species. Samples were resolved on a gradient gel and transferred to nitrocellulose membranes. Equivalence of loading was confirmed using b-actin or GAPDH for lysates, or Coomassie stains for CM. Densitometry was performed using the National Institutes of Health ImageJ software (http://imagej.nih.gov/ij/).
Hydroxyproline Assays
Hydroxyproline assays were performed using a commercial kit (BioVision Research, Mountain View, CA). Measurements were performed on four separate occasions using three different sets (n ¼ 3-4/group) of age-matched PEDF KO and control livers.
Second Harmonic Generation Imaging
Second harmonic generation (SHG) imaging preferentially detects type I, and to a lesser extent type III, fibrillar collagen. 26 Multiphoton stimulation combined with tissue clearing was used to visualize fibrillar collagen deposition in volume sections of both WT and KO liver specimens measuring approximately 5 Â 5 Â 1 mm. Tissue clearing was performed on formalin-fixed organs using benzyl alcohol/benzyl benzoate (BABB) in 2:1 ratio as previously described elsewhere. 27 Briefly, tissue specimens were then dehydrated by graded methanol incubations in 30-minute intervals and then incubated overnight with BABB. SHG was measured on a TriM Scope II multiphoton microscope (LaVision BioTec, Bielefeld, Germany) with 780 nm excitation and 390 nm band pass emission filter using a 0.95 NA, 25Â objective (Leica Microsystems GmbH, Wetzlar, Germany) designed specifically for BABB immersion. Tissue volume was determined using intrinsic fluorescence with 960 nm excitation and 600-50 nm band pass filter detection. The SHG signal was collected in reflection: the specimen was placed on a deep-well slide, and a mirror was placed underneath to improve collection efficiency. The imaging parameters were kept constant among the specimens, including laser power and scanning speed as well as detector distance from the specimen. Data were collected in 16-bit depth, and contrast was adjusted using identical intensity thresholds for all images, allowing for direct intensity comparison.
Histology
Immunohistochemical analysis was performed as described on 14 sequentially obtained human HCC specimens. Sections were deparaffinized, treated to inhibit endogenous peroxidase, and subjected to antigen retrieval. After incubation with primary antibody, sections were washed and then incubated with biotinylated anti-mouse antiserum. Streptavidin complexed with horseradish peroxidase was added, and labeling was detected using diaminobenzidine. Semiquantitative scoring of the immunohistochemical labeling was evaluated by a pathologist (S.E.C.) using a numerical grading score (1, no staining; 2, focal positivity; 3, moderate; 4, diffuse, strong immunostaining) on 10 nonoverlapping fields per case with normal hepatocytes distant to the tumor margin assessed as "Nl liver."
Statistical Analysis
The P values were calculated, assuming equal sample variance, using a two-tailed Student t test on Prism software. P < .05 was considered statistically significant. Values were stated as mean ± standard deviation (SD) or standard error of the mean.
Results
PEDF Secretion Is Wnt3a-Responsive and Depends on the Wnt Coreceptor LRP6
We evaluated PEDF regulation by Wnt ligands and dependence upon LRP6. The integrity of the LRP6 KO and the stimulatory effects of high (25 mM) versus low (1 mM) glucose on LRP6 and its effector active (nonphosphorylated) b-catenin were shown ( Figure 1A ). Canonical Wnt3a (50 ng/ mL) led to a greater than twofold increase in PEDF levels that was LRP6 dependent ( Figure 1B , P < .01). In the absence of the LRP6, Wnt3a had no effect on PEDF levels. Similarly, Wnt3a had no effect on PEDF levels under 1 mM glucose conditions, likely reflecting markedly suppressed LRP6 levels seen in this condition. Thus, Wnt3a-stimulated induction of PEDF levels are LRP6 dependent.
The noncanonical Wnt pathway includes the Wnt5a ligand and its orphan receptor, ROR2 (receptor tyrosine kinase-like orphan receptor 2), and counters the effects of the canonical pathway. 28 To determine whether PEDF could be modulated by the noncanonical pathway, Wnt5a was added to HepG2 cells with and without LRP6. Wnt5a did not alter PEDF levels under high-glucose conditions in the presence of the LRP6 receptor. When the canonical receptor LRP6 was deleted, Wnt5a significantly suppressed PEDF protein levels ( Figure 1C , P < .01). Thus, deletion of LRP6 favors the noncanonical pathway and lowers PEDF under high-glucose conditions. Similarly, the 1 mM glucose condition leads to a functional depletion of the LRP6 receptor ( Figure 1A ) without genetic manipulation. Here, the Wnt5a ligand significantly decreased PEDF under scrambled and LRP6 KO conditions indicating that the noncanonical Wnt ligands can decrease PEDF in the setting of diminished LRP6 levels ( Figure 1C , P < .01 for low glucose with and without LRP6 primary metabolic processes such as nitrogen compound metabolism, glutamine family amino acid metabolic process, urea cycle, and carboxylic acid metabolism, and peptidase inhibitory activity (FDR < .05).
To further characterize the gene expression changes in KO mice, GSEA using curated pathways as well as GO categories were performed. Consistent with analysis by moderated t test, the GSEA showed that most up-regulated pathways were related to cell proliferation, inflammatory responses, collagen expression, extracellular matrix function, and phase I and phase II enzymatic activity (Supplementary Table 2 ). Subsequently, another GSEA was performed to test for similarities between gene expression profiles in PEDF KO mouse livers and curated gene sets representing expression signatures of genetic and chemical perturbation. This analysis showed that the most significantly enriched gene sets represented rodent models and human samples of HCC tissues and various inflammatory liver conditions, suggesting that loss of PEDF leads to gene expression changes similar to those found in HCC (Table 1, Supplementary Table 3 ). In fact, eight out of top 10 enriched gene sets represented rodent models of HCC (Table 1) .
PEDF Knockout Livers Display a Genomic Signature Resembling Hepatocellular Carcinoma Categorized by Wnt/b-Catenin Signaling
Comparison of liver-specific gene expression signatures of genetic and chemical perturbation to PEDF KO livers showed a striking resemblance to various human HCC subsets marked by overactive Wnt/b-catenin signaling (Table 2) . 3, [29] [30] [31] Furthermore, PEDF KO liver expression profiles also correlated with the gene expression patterns of nonliver tissue experimental models where constitutively active mutant b-catenin was overexpressed (Table 2) . 32 Additionally, we observed overexpression of both Fzd 1 and 7, Wnt coreceptors that have been reported to be induced in human HCC specimens and cell lines (Figure 2 ). 33 Downstream targets of Wnt/b-catenin signaling, such as Ccnd1, Ccnd3, and c-Jun, were also found to be up-regulated in PEDF KO livers.
PEDF Inhibits Activation of the Wnt Coreceptor LRP6 In Vivo
To evaluate concordance with the genomic analysis, we interrogated components of the Wnt/b-catenin signaling pathway in PEDF KO livers before and after PEDF reconstitution. PEDF KO livers showed enhanced phospho-LRP6 levels and active b-catenin compared with WT controls in 7-month-old mice ( Figure 3A , P < .02). A similar activation of LRP6 was seen in 2-month-old mice ( Figure 3B , P < .05). Restoration of PEDF in KO mice resulted in decreased LRP6 phosphorylation without affecting total LRP6 levels ( Figure 3C , P ¼ .05). Moreover, gene expression of downstream canonical Wnt signaling pathway targets Ccnd1 and c-Jun was increased in PEDF KO livers versus controls ( Figure 3D , P < .05). These results indicate that PEDF functions as an antagonist of hepatic LRP6 activation in vivo and that exogenous PEDF can inhibit LRP6 activation in vivo.
PEDF Loss Is Associated With Increased Fibrogenic Markers and Enhanced Cellular Proliferation
PEDF expression is reduced in human cirrhosis, and its restoration in two different models of experimental liver cirrhosis mitigates fibrotic changes. 14, 16 Consistent with this finding, the GSEA revealed an induction of pathways related to extracellular matrix deposition in PEDF KO liver tissue ( Figure 4A, Supplementary Table 1 ). Biochemical assessment of collagen content and specific collagen subtypes, however, revealed a more complex picture of the matricellular changes in the absence of PEDF.
Confirmation of fibrogenic cytokines with quantitative PCR showed that tgfb1 and pdgfa were significantly increased, and thbs1, an activator of transforming growth factor-b, showed a trend toward increased expression ( Figure 4B ). Angiogenic factors play a role in promoting fibrogenesis and can be regulated by Wnt pathway activation. 34 Enhanced expression of vegfa was present in PEDF KO livers ( Figure 4B ). Similarly, expression of col1a was increased but not that of other fibrillar collagen types such as col5a1. Surprisingly, the total hydroxyproline content of PEDF KO livers was 75% of the control livers ( Figure 4C ), indicating that overall the collagen content was decreased. However, SHG imaging revealed visual evidence of increased fibrillar collagen in PEDF KO livers ( Figure 4D ). Consistent with the SHG imaging, the fibrillar collagen types I and III levels in PEDF KO livers were higher than in the controls ( Figure 4E ). Thus, a preferential induction of fibrillar collagen occurs in PEDF KO livers, but it is accompanied by an overall decrease in other collagen or structural proteins that contain hydroxyproline residues.
PEDF Is a Secreted Antagonist of Wnt/b-Catenin Signaling in Hepatocellular Carcinoma Cells
Findings in murine livers were extended to human HCC cells to determine whether PEDF functions as a Wnt antagonist. Both HepG2 and Huh7 cells secreted PEDF into the CM (Figure 5A and C) . In HepG2 cells, siRNA-mediated PEDF knockdown led to increased phospho-LRP6 and active b-catenin levels ( Figure 5A and B, P < .01). Similar results were observed in Huh-7 cells after PEDF knockdown ( Figure 5C and D, P < .01).
A 34-mer sequence within PEDF mediates its welldocumented antiangiogenic effects. 25 Because angiogenesis requires Wnt signaling, we surmised that the PEDF 34-mer is responsible for its effects on Wnt/b-catenin signaling. Adding the PEDF 34-mer decreased the levels of active phospho-LRP6 and active b-catenin ( Figure 5E , P < .01). Downstream regulators and targets of Wnt signaling such as GSK3b and phospho-ERK levels corresponded to the effects of Wnt blockade with PEDF 34-mer ( Figure 5F ). Levels of phospho-GSK3b (inactive form) were diminished consistent with increased intracellular active GSK3b and enhanced degradation of b-catenin seen with Wnt blockade. The downstream targets of b-catenin such as phospho-ERK were decreased. Moreover, transcriptional targets of canonical Wnt signaling such as ccnd1 and c-Jun were suppressed with the 34-mer ( Figure 5G ). These results demonstrate that PEDF antagonizes Wnt/b-catenin signaling in human HCC cells and point to a 34-amino-acid peptide fragment derived from PEDF that mediates LRP6 blockade.
Induction of Liver Fibrosis and Sporadic Hepatocellular Carcinoma in PEDF Knockout Mice After Western Diet Feeding
Genomic profiling of PEDF KO livers corresponded to various human HCC subsets marked by overactive Wnt/bcatenin, but spontaneous HCC did not develop in PEDF KO mice up to 1 year of age (data not shown). To test whether diet-induced obesity could induce HCC formation in the absence of PEDF, a Western diet (40% fat, 44% carbohydrate, 16% protein) was given to PEDF KO and WT mice for 6 to 8 months. A Western diet increased fibrosis in WT and PEDF KO mice as shown by trichrome staining and hydroxyproline measurements ( Figure 6A ).
Increased fibrillar collagen deposition as seen with SHG imaging was more apparent in PEDF KO than WT livers ( Figure 6B ). Three-dimensional reconstructed images from SHG imaging revealed an increase in fibrillar collagen adjacent to vessels, outlining their structures ( Figure 6B) . A subset of PEDF KO mice (3 of 12) developed macroscopic tumor formation compared with none (0 of 12) in the control mice ( Figure 6C ) after chronic Western diet feeding. Histologic examination showed features consistent with a welldifferentiated HCC with the increased presence of unpaired blood vessels ( Figure 6C, arrows) . In contrast to the dietinduced HCC, a one-time diethylnitrosamine injection did not result in HCC formation in either the WT or KO mice at 6 months (data not shown). Thus, PEDF deficiency combined with a chronic Western diet led to sporadic HCC formation.
PEDF Expression Is Reduced in Human Hepatocellular Carcinoma Specimens
A previous study of embryonic and adult human tissue sites demonstrated that the liver has the highest expression levels of the PEDF gene, and the recent tissuebased map of the human proteome confirmed this finding. 20, 21 Relative to the high endogenous levels in the normal liver, we asked whether PEDF levels in HCC specimens were diminished. Staining of PEDF showed diffuse and strong immunoreactivity for PEDF in normal liver tissue ( Figure 7A, left) . In contrast, PEDF immunolabeling was statistically significantly reduced in HCC compared with the adjacent liver ( Figure 7A , middle and right, and B; P < .01). Thus, human HCC specimens demonstrated decreased PEDF expression compared with the adjacent nontransformed hepatocytes.
Discussion
Aberrant Wnt/b-catenin signaling underlies a number of malignancies, including HCC. 3, 35 Our study has identified PEDF as an endogenous inhibitor of LRP6 activation that is secreted in response to canonical Wnt ligands. Enhanced LRP6 and b-catenin activation was seen in the livers of PEDF KO mice and in two human HCC cell lines where PEDF was depleted. Further, adding a PEDF 34-mer inhibited LRP6, active b-catenin, and downstream targets of Wnt signaling, thereby identifying the region on PEDF that mediates Wnt inhibitory effects. These data support the idea that PEDF functions as a part of a negative feedback loop to modulate Wnt signaling. Gene enrichment data supported this interaction. Further, biochemical analyses of PEDF KO murine livers before and after PEDF reconstitution in vivo confirmed that PEDF can block Wnt signaling in the liver. PEDF knockdown in two human HCC cell lines led to increased Wnt/bcatenin signal transduction with a specific 34-amino-acid region mediating these effects. Thus, PEDF is regulated by and inhibits the canonical Wnt/b-catenin pathway in the murine liver and in two human HCC cell lines.
The genomic analysis in this study correlated with genetic profiles of murine hepatocarcinogenesis and human HCC subsets marked by overactive Wnt/b-catenin signaling, but PEDF deficiency alone did not result in HCC formation. A prolonged nutritional challenge induced only a fraction of animals to develop a well-differentiated HCC. These results are consistent with models of hepatic overexpression of normal and mutant b-catenin that do not result in spontaneous HCC. 35 Paradoxically, deletion of b-catenin from the liver is permissive for HCC formation after injection with diethylnitrosamine. 36 This surprising effect of b-catenin deletion conferring an increased rate of HCC development in murine models, rather than its overexpression, reflects the importance of this pathway for liver tissue homeostasis. In its absence, the liver is prone to injury from oxidative stress and enhanced fibrosis. 36 Thus, findings from b-catenin transgenic mice are at odds with those from genomic and immunohistochemical studies in human HCC, which point to Wnt/b-catenin signaling as a significant driver in a subset of HCC. 3 The absence of HCC found in transgenic models of bcatenin overexpression and the occurrence of HCC with bcatenin deletion highlights the limitations of constitutively active or deletion of b-catenin, where temporal and contextspecific activity of b-catenin may more accurately capture its role in human disease.
Absence of PEDF led to complex changes to the ECM of the liver. Despite lower total hydroxyproline levels, type I/III collagen content and SHG imaging demonstrated increased deposition of fibrillar collagen in PEDF KO livers. In experimental and human cirrhosis specimens, PEDF levels are also depleted.
14 Restoration of PEDF in experimental models of CCl 4 [chemokine (C-C motif) ligand 4] and bile-duct ligated cirrhosis ameliorates tissue fibrosis, suggesting an important role for endogenous PEDF in maintaining quiescence of the liver ECM. 14, 16 These findings are consistent with studies that demonstrate Wnt/b-catenin signaling as a regulator of the fibrotic response in diverse organs. [37] [38] [39] Further, examination of the PEDF null state in humans, osteogenesis imperfecta type VI, points to abnormalities in the extracellular matrix. 24, 40 These findings suggest that PEDF may regulate matricellular content in multiple organ sites.
This study provides further evidence to support the role of PEDF in Wnt/b-catenin signaling. The discovery through exome sequencing that null mutations in PEDF cause osteogenesis imperfecta type VI implicated PEDF's role in modulating Wnt/b-catenin signaling in human disease. 22, 40, 41 We and others have shown that PEDF could induce differentiation of progenitor cells and that these effects were LRP6 dependent. 22, 42 In the eye, PEDF inhibited Wnt3a-mediated b-catenin nuclear translocation, and recent studies showed that PEDF directly suppressed other Wnt modulators such as sclerostin. 19, 41 Exogenous PEDF protein and a peptide derived from PEDF demonstrate inhibitory effects on Wnt signaling in the liver and in two HCC cell lines, thereby pointing to its role in attenuating Wnt signaling in a negative feedback loop.
Interestingly, PEDF appears to promote Wnt/b-catenin signaling in stem cell populations but inhibits Wnt signaling in differentiated cells. 22, 41 Differential effects are also seen in Wnt ligands and Wnt-related proteins such as Wnt5a and Dickkopf2, and stem from selective expression patterns of Wnt coreceptors. 28, 43, 44 Future studies detailing the expression patterns of different Fzd species should allow identification of the receptor combination that directs PEDF's different functional outcomes as they pertain to Wnt signaling.
In summary, PEDF functions as an endogenous inhibitor of Wnt/b-catenin signaling in the liver and in human HCC cells. These findings provide a framework for understanding the antitumor properties of PEDF in other cancer types. 
